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We have observed large negative magnetoresistance (MR) in Cr-Fe heterogeneous alloy films 
sputter deposited on heated substrates. The largest MR, 37.3% at 4.2 K and 14 T, appears around the 
Fe concentration of 20 at. %. While a large substrate temperature dependence of MR is observed 
when the Fe concentration is lower than 20 at. %, MR does not vary noticeably with changes in the 
substrate temperature when Fe concentration exceeds 20 at. %. 
I. INTRODUCTION 
Recently, giant magnetoresistance (GMR) in heteroge- 
neous alloy films such as CU-CO,~,’ Ag-Co,3p4 and Ag-Fe,4-6 
in which ferromagnetic particles of nanometer size are ho- 
mogeneously distributed in the nonmagnetic matrix, has 
been attracting much interest. GMR was found in multilay- 
ered Cr/Fe for the first time;‘s however it has never been 
reported in Cr-Fe heterogeneous alloys. This is the first re- 
port on GMR behavior in sputtered Cr-Fe heterogeneous al- 
loy films. 
Cr-Fe has an isostructure two phase region below 475 “C 
but the solubility limit of Fe in Cr is considerable. The g 
phase is present in the temperature range from 475 to 
821 “C, which makes high temperature annealing for induc- 
ing phase separation without an appearance of (T phase dif- 
ficult. Above 821 “C, Cr and Fe are entirely miscible.’ These 
features are in contrast to the Cu-Co, Ag-Co, and Ag-Fe 
systems, in which GMR has been reported in the heteroge- 
neous structure. In such alloy systems, the heterogeneous 
structure can been obtained upon annealing nonequilibrium 
solid solutions prepared by sputtering or rapid quenching. In 
the case of Cr-Fe, however, post-deposition annealing is not 
appropriate for phase separation because of the slow kinetics. 
Hence, in the present study, we have deposited Cr-Fe alloy 
films at elevated temperatures. Sputter deposition on heated 
substrates is expected to promote phase separation due to 
surface diffusion which is many orders of magnitude faster 
than the volume diffusion that would otherwise control the 
kinetics of the post-deposition annealing.” 
II. EXPERIMENT 
Cr-Fe heterogeneous alloy films were prepared by the rf 
sputtering method on Si substrates heated up to 200 “C. For 
comparison, Cr-Fe homogeneous alloy films were also pre- 
pared by rf sputtering on Si substrates cooled by liquid ni- 
trogen. The composition of the alloy films was varied from 0 
to 40 at. % Fe by the number of Fe sheets (10X10 mm’-) on 
a Cr target (4100 mm). The composition of the films was 
determined by inductively coupled plasma (ICP) emission 
spectroscopy analysis. In this article, the sample with the Fe 
concentration of x at. % deposited at the heated/cooled sub- 
strate is denoted as h/c-Crr-,Fe, . The background pressure 
of the sputtering chamber was approximately 1X10v6 Torr. 
Sputtering was carried out in an atmosphere of Ar gas at 
SX10d3 Torr by applying a power of 500 W. The distance 
between the target and the substrate was 100 mm. The depo- 
sition rate was typically 1.5 &s, and the films were l-2 ,um 
thick. The microstructure of the samples was observed by a 
120 kV transmission electron microscope (TEM), Philips 
CM12. TEM specimens were prepared by ion milling after 
mechanically grinding the substrate. The Ar ion current for 
ion milling was set to be 0.5 mA at 4 kV. Magnetoresistance 
(MR) was measured at 4.2 K by the conventional four-probe 
method. An electromagnet was used in a low field range of 
CO.6 T, and a superconducting magnet was used in high 
fields up to 14 T. Magnetization versus applied magnetic 
field (M-H) curves were measured at 4.5 K in the range of 
25.5 T, using a SQUID magnetometer (Quantum Design, 
MPMS). 
FIG. 1. Bright field TEM images and selected area diffraction patterns of (a) 
a CrR3,9Fe16,1 film sputtered on the heated substrate (h-Cr439Fe,6,1) and (bj a 
Crs3.,Fe,6,9 film sputtered on the cooled substrate (c-Cr83.1Fe,6,9). 
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FIG. 2. MR (upper) and M-H (lower) curves of (a) a Crs,,,Fera,s film 
sputtered on the heated substrate (h-Crss.7Felo.s) and a Crag,,Fe,,,g film sput- 
tered on the cooled substrate (c-Crs9.1Fe,a.s), (b) h-Cr79sFes,,o and 
c-Cr7ssFezI,7, and (c) h-Cr,I,4F~., and c-Crs9.,Feso3. The MR curve is 
represented as the resistivity normalized by the maximum around zero field, 
A~lp,, 9 as a function of applied field, H. In the M-H curves, the values per 
Fe volume are shown. 
III. RESULTS AND DISCUSSION 
Figures l(a) and l(b) show bright field images and their 
corresponding selected area diffraction patterns (SADP) of 
h-Crs3.sFet6.t and c-Cras1Fet6.s, respectively. The SADPs in- 
dicate that the films consist of a bee phase. The average grain 
size is 200 nm for h-Crss.sFet6.r and 70 nm for c-Crs3,iFet6.s, 
respectively, indicating that cooling by liquid nitrogen re- 
duces the grain size remarkably. For the h-Crs,Per6,, 
sample, small specks can be seen within a grain. The size of 
the specks is approximately 2 nm and these distribute homo- 
geneously within the grain. Such specks are seen in many 
grains, although the appearance of the image varies depend- 
ing on the orientation of the grains. This specklike contrast is 
probably due to the presence of Fe-rich ferromagnetic iso- 
structural particles. The formation of these particles is con- 
sidered to be a result of the phase separation which pro- 
gressed during the Glm growth on the heated substrate. 
Typical examples of MR and M-H curves are shown in 
Figs. 2(a)-2(c). The MR curves represent the normalized 
resistivity, Aplp,,, , as a function of applied magnetic field 
H. In the M-H curves, the values of magnetization are cal- 
culated per Fe volume. The results of two specimens with a 
similar composition but grown at different temperatures are 
displayed in the same figure. Negative MR is observed for all 
the samples. Interestingly, the maximum value of MR as 
large as 37.3% is observed in h-Cr,,.,Fez,.s. However, MR 
does not saturate even at 14 T for all the samples. At the Fe 
concentrations of ~(10 at. %, the resistivity for the films 
grown on the cooled substrate decreases almost linearly as a 
function of the magnetic field. On the other hand, the resis- 
tivity drops more steeply in the low field region for the films 
grown on the heated substrate. As the concentration of Fe 
increases, the discrepancy between the MR curves for the 
heated and cooled substrates diminishes and both are almost 
the same at xB2.5 at. %. A similar tendency is seen for the 
M-H curves. The magnetization for the heated substrate 
saturates more easily than that for the cooled substrate in the 
low x region, and the saturation of the magnetization for the 
x ( at.% ) 
FIG. 3. Fe concentration, n, dependence of the MR ratio in Cr,-, Fe, alloy 
films sputtered on the heated (open circles) and cooled (closed circles) sub- 
strates. 
cooled substrate becomes easier with increasing x. The con- 
centration dependence of the MR ratio, [pm,-p(H=14 
T!ll~,n,, > is shown in Fig. 3. The MR ratio has a maximum 
around x=20 at. % for both heated and cooled substrates, 
similarly to other systems such as Ag-Fe.5 However, the MR 
ratio for the cooled substrate is smaller than that for the 
heated substrate at xc25 at. %, and no difference is seen at 
x>25 at. %. 
The negative MR behavior observed in samples grown 
on cooIed substrates is considered to be equivalent to that 
reported for various spin glasses.t1-13 We have also prepared 
homogeneous bulk Cr-Fe alloys by the solution treatment, 
and confirmed a similar MR behavior.t4 In the spin glass 
state, single Fe atoms and/or small Fe clusters with a few Fe 
atoms distribute in a Cr matrix randomly. The magnetization 
vectors of the Fe atoms and clusters lie in different direc- 
tions. Therefore, the MR and the magnetization do not satu- 
rate easily. By heating substrate phase separation may 
progress during the film growth. In this case, large ferromag- 
netic Fe particles, the average size of which is estimated to 
be 2 nm, are formed as shown in Fig. l(a). Consequently, the 
MR and the magnetization for the heated substrate changes 
more steeply in low fields than those for the cooled substrate; 
the MR ratio for the heated substrate is larger than that for 
the cooled substrate. However, Figs. 2 and 3 indicate that the 
shape of the MR curve and the magnitude of the MR ratio do 
not depend on the substrate temperature at x>25 at. %. The 
reason for this is considered to be as follows: In a concen- 
trated region, even if Fe atoms are randomly distributed in 
the Cr matrix, the density of Fe atoms is so high that a 
considerable amount of Fe atoms couple ferromagnetically to 
form a magnetic cluster.‘5 The size of the magnetic clusters 
may be comparable to that of Fe particles precipitated by 
heating the substrate. Consequently, the difference between 
the MRs for the heated and cooled substrates disappears in 
the concentrated region. The fact that the MR has a maxi- 
mum around x=20 at. % also suggests that ferromagnetic 
coupling of Fe atoms becomes dominant when x becomes 
larger than 20-25 at. %. In fact, by neutron diffraction, 
Burke et al.r5 showed that the onset of ferromagnetism was 
around 19 at. % Fe in bulk Cr-Fe alloys. 
J. Appl. Phys., Vol. 76, No. 10, 1.5 November 1994 Takanashi et al. 6791 
Downloaded 11 Mar 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
It should be noted that the MR does not saturate even at 
14 T for any samples, irrespective of Fe concentrations and 
the substrate temperatures, while the magnetization reaches 
saturation at 5.5 T for x>25 at. % as shown in Fig. 2. We 
consider that this is due to spin glass behavior of Fe atoms 
contained in the Cr matrix. The values of magnetization are 
much smaller than that of pure bee Fe, suggesting the phase 
separation is incomplete. Therefore, a large amount of Fe 
atoms is considered to be dissolved, forming a supersaturated 
solid solution in the Cr matrix. Regarding the absolute mag- 
nitude of the saturated MR it has been pointed out both theo- 
retically and experimentally that the MR is larger as the size 
of magnetic cIusters is smaller at a certain concentration of a 
magnetic element.16-18 This may suggest that the saturated 
MR could be largest in the spin glass state. The unsaturated 
behavior of MR was also observed for other heterogeneous 
alloys. 4p We would like to remark here that the magnitudes 
of MR in heterogeneous alloys are not necessarily meaning- 
ful values because it varies depending on the magnetic field 
under which the MR is measured. 
IV. CONCLUSION 
We have investigated the GMR behavior of sputtered 
Crl-,Fe, heterogeneous alloy films. The MR ratio shows a 
maximum around x =20 at. % both for the heated and cooled 
substrates. However, the MR ratio for the cooled substrate is 
smaller than that for the heated substrate at xc25 at. %, and 
the discrepancy diminishes with increasing x. This suggests 
that iri dilute regions, the samples sputtered on cooled sub- 
strates behave like spin glass, while in concentrated regions, 
ferromagnetic interaction becomes dominant even in the ho- 
mogeneous solid solution. 
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